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Abstract 13 
This study investigated the durability properties of concrete containing nano-silica at 14 
dosages of 0.3% and 0.9%, respectively. Due to the nano-filler effect and the pozzolanic 15 
reaction, the microstructure became more homogeneous and less porous, especially at the 16 
interfacial transition zone (ITZ), which led to reduced permeability. Tests on the durability 17 
properties verified the beneficial effects of nano-silica. The channels for harmful agents 18 
through the cement composites were partially filled and blocked. The pore size distribution 19 
also indicated that the large capillary pores were refined by the nano-silica, due to the 20 
combined contribution of the nano-filler effect and the pozzolanic reaction. 21 
 22 
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1. Introduction 1 
Concrete is the most commonly used manmade material, despite being vulnerable to 2 
the ingress of aggressive fluids/ions in a severe environment due to its porous microstructure. 3 
The durability issues of concrete have been particularly emphasized in lifeline structures and 4 
infrastructures. Recently, the use of nano-particles in cement-based materials has drawn 5 
intense interest because they can provide some unique properties at the nano-scale. For 6 
instance, nano-SiO2, TiO2, Al2O3, Fe2O3 was used as nano-filler in the cement matrix, the 7 
capillary pores were found to be smaller and the total porosity was also decreased [1-13]. 8 
Carbon nanotube or carbon nanofiber was able to arrest cracks at the nano-scale, thus 9 
improving the ductility of cement-based composites which were normally brittle in nature 10 
[14,15]. Graphene nanoplatelet has proved to be very efficient in lowering the permeability of 11 
cement-based materials to water and chloride ions, thanks to its 2-D morphology [16,17].  12 
Compared to other nano-particles, nano-silica has a unique advantage in the potential 13 
pozzolanic reaction with cement hydration products. Due to its ultra fine particle size, nano-14 
silica can possess a distinct pozzolanic reaction at a very early age. Therefore, one of the 15 
promising applications of nano-silica is to promote the hydration of cement blended with fly 16 
ash, slag or other pozzolanic materials [18,19]. According to previous studies, nano-silica 17 
distinctly increased the cement hydration and early age strength for blended cement [19], 18 
provided they were uniformly dispersed in the composites, otherwise, this benefit could be 19 
compromised by the agglomeration of nano-particles. To date, studies on the durability 20 
properties of cement-based materials with nano-silica are still limited, as most of the previous 21 
research deals mainly with the dispersion issue and the influence on the fresh state properties.   22 
Ji first reported a clear reduction in the water penetration depth of about 45% by adding 3.8% 23 
nano-silica into the concrete mixture [3]. He observed a more uniform and compact 24 
microstructure (especially at the interfacial transition zone (ITZ)) in the nano-silica concrete 25 
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and attributed this to the pozzolanic reaction, which occurred due to the addition of nano-1 
silica. For the same reason, Gaitero et al. found the calcium leaching rate could be noticeably 2 
reduced from cement paste which had 6% nano-silica added [5]. Kong et al. also obtained a 3 
higher resistance for mortar to chloride penetration by means of adding up to 1% nano-silica 4 
[7]. Quercia et al. carried out a study on the durability of self-compacting concrete (SCC) 5 
incorporating nano-silica, in both colloidal and powder forms, at the same dosage of 3.8% 6 
[11]. All of the durability performances of SCC were enhanced due to nano-silica helping to 7 
increase the density microstructure, however there was no discussion regarding the influence 8 
of nano-silica dosage on durability. To date, no comprehensive study relating to the influence 9 
of nano-silica on the durability of ordinary concrete has been undertaken.  10 
Hence, it is the objective of this study to examine the transport properties related to 11 
the durability performance of ordinary concrete containing nano-silica. In addition to 12 
strength, water permeability and sorptivity; chloride migration and diffusivity were 13 
determined for concrete at nano-silica dosages of 0, 0.3% and 0.9%, respectively. 14 
Additionally, the influence of nano-silica on the microstructure of concrete was observed by 15 
measuring the pore size distribution, observing the microstructure and determining the 16 
chemical composition phase change. The effectiveness of using nano-silica to improve the 17 
impermeability and durability of concrete is also discussed.  18 
 19 
2. Materials and Methods 20 
2.1 Materials  21 
This study used Type I ordinary Portland cement (OPC) with the chemical 22 
composition listed in Table 1. Coarse aggregates of 9.5-mm granite aggregates with an oven-23 
dry unit weight and specific gravity of 1650 kg/m3 and 2.65 were used. The fineness modulus 24 
and specific gravity of sand used in this study were 2.80 and 2.65, respectively. Fig.1 shows 25 
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the particle size distribution of coarse aggregates, sand and cement. The study used a 1 
commercial nano-silica, in powder form, with an average primary particle size of 13 nm, 2 
corresponding to a surface area of 200 m2/g. The morphology of the nano-silica is shown in 3 
Fig. 2. As displayed, despite the high surface area, most of the nano-scale particles 4 
agglomerated into clusters with micro-scale diameters. Hence, it was challenging to disperse 5 
and stabilize the nano-particles in the cementitious composites, therefore, combined 6 
surfactant and ultra-sonication were employed. Superplasticizer (SP), DARCEM 100, was 7 
used as the surfactant to achieve an aqueous solution for nano-silica and thus aid the suitable 8 
workability of the fresh concrete. This technique has proven effective in dispersing and 9 
stabilizing the nano-particles in an aqueous solution for cement-materials [8,17,18]. The mix 10 
proportions for the reference concrete and 0.3% and 0.9% nano-silica concrete are listed in 11 
Table 2.  12 
 13 
2.2 Specimens 14 
First, the specified amount of nano-silica was dissolved in 500 mL water with SP as 15 
the chemical surfactant. Prior to ultra-sonication, the aqueous solution was hand-mixed for 1 16 
minute. The sonication period was 10 minutes, at a power of 400 Watts in this study. During 17 
sonication an ice-bath was provided to the glass beaker to prevent overheating. Concrete was 18 
mixed in a Pan mixer. Coarse and fine aggregates and OPC were dry mixed in the mixer for 1 19 
minute before adding the mixing water. Finally, the nano-silica aqueous solution was added 20 
into the wet mixture. Additional SP was added into the concrete mixture to keep the 21 
consistency. The adjusted SP contents and obtained slumps are summarized in Table 2. All of 22 
the concrete specimens were compacted on a vibration table and kept in steel molds for 24 23 
hours. After demolding, the specimens were cured in water until reaching the age for each 24 
tested property.  25 
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2.3 Test methods 1 
Compressive strength was determined at 1, 7, 28 and 91 days, using three Ø100 ×200 2 
mm cylinders for each, following ASTM C 39 [20]. Water penetration depth was measured 3 
from the top surface of two Ø100×200 mm cylinders, under a water pressure of 4 
approximately 0.75 MPa for 7 days, which is slightly higher than 0.50 MPa as specified in 5 
BS EN 12390-8 [21]. Water sorptivity was measured from three Ø100×500 mm cylindrical 6 
slices in accordance with ASTM C 1585 [22]. Rapid chloride migration (RCM) test was 7 
performed on three Ø100×50 mm cylindrical slices as per NT BUILD 492 [23]. A chloride 8 
diffusion test was carried out by immersing a Ø100×100 mm cylindrical specimen in a 185 9 
g/L NaCl solution for 56 days. The circumferential and bottom surfaces of the cylinders were 10 
coated with epoxy to ensure uni-directional diffusion of chloride ion into concrete through 11 
the top surface only. Following this, powder samples were collected from each depth from 12 
the top surface, and the chloride ions content was analyzed in accordance with NT BUILD 13 
443 [24]. Water assessable voids and water absorption were calculated based on the same 14 
three Ø100×50 mm cylindrical slides, following ASTM 642 [25]. Concrete samples were 15 
collected at the fractured surface of the cylinder specimen after the compression test, for both 16 
pore size distribution and microstructure investigations. Pore size distribution was performed 17 
by mercury intrusion porosimetry (MIP), with pressure up to 412.5 MPa (corresponding to a 18 
minimum pore diameter of 3.8 nm). Before observing the microstructure morphology, 19 
concrete samples were dried in a vacuum oven at 40 ˚C. To study the phase change during the 20 
cement hydration, a paste sample with the same water-cement ratio as concrete was also 21 
prepared for thermogravimetric analysis (TGA) to determine the Portlandite content. Paste 22 
samples were cured in saturated lime water to prevent calcium leaching and taken out for 23 
TGA testing at different ages. Before the TGA test, the samples were finely ground and oven 24 
dried at 105 ˚C for 18 hours.  25 
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3. Results and Discussion 1 
3.1 Portlandite content 2 
Powder paste samples were heated up to 950 ˚C at a constant rate of 10 ˚C/min and 3 
the weight loss was recorded in TGA, as displayed in Fig. 3(a). Weight loss of between 370 4 
and 510 ˚C and 700 and 890 ˚C was the result of the decomposition of Portlandite and 5 
calcium carbonate (carbonation of Portlandite), respectively. The Portlandite content in the 6 
paste sample was thus calculated from these two parts. Fig. 3(b) shows the Portlandite 7 
content for both OPC and the mixture with 0.9% nano-silica at different ages. For the OPC 8 
paste, Portlandite content rapidly increased until 7 days and maintained a level of 9 
approximately 22% afterwards. The content of Portlandite could reflect the OPC hydration 10 
degree. The results indicate that most of the hydration was completed within the first 7 days. 11 
In contrast, the Portlandite content in the paste with 0.9% of nano-silica remained at almost 12 
the same level of 15% after 24 hours. Based on previous findings, nano-silica could 13 
accelerate the cement hydration by providing nucleation sites [1,18,19], which means that 14 
more Portlandite would be produced. However, at 1 day, the Portlandite content for 0.9% 15 
nano-silica paste was less than that of OPC paste.  It is possibly because the amorphous silica 16 
could react with Portlandite in pozzolanic reaction, thus causing a reduction in Portlandite 17 
content as observed here. After the first day of hydration, the Portlandite content did not 18 
change with curing time for paste with 0.9% nano-silica. The difference in Portlandite 19 
content between plain cement and 0.9% nano-silica paste represents the pozzolanic reaction 20 
of nano-silica. This pozzolanic reaction was expected to densify the microstructure of the 21 
porous cement paste and affect the pore structure, mechanical properties and durability 22 
performances, which are discussed next.  23 
 24 
 25 
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3.2 Pore size distribution 1 
The MIP results for plain concrete and 0.9% nano-silica concrete are shown in Fig. 4. 2 
As show in Fig. 4(a), the total porosity was almost identical for the two mixtures at about 3 
13.5%, which indicates that the small amount of nano-silica added (0.9%) did not change the 4 
total porosity of the concrete. This is in agreement with a previous work by Quercia et al. 5 
[11], in which the addition of 3.8% nano-silica actually slightly increases the porosity, 6 
regardless in powder or slurry form. According to Mindess et al. [26], large capillaries 7 
governed the permeability and diffusivity. The MIP results showed that the large capillary 8 
porosity reduced from 7.41% for OPC to 6.30% for the mixture with 0.9% of nano-silica, 9 
while the medium capillary porosity increased from 3.15% for OPC to 4.16% for that with 10 
0.9% of nano-silica. This refinement on the large capillary pore resulted from the pozzolanic 11 
reaction due to the addition of nano-silica and its consequential blockage effect on the 12 
capillary pore structures. Therefore, the permeability of concrete for water and chloride ions 13 
might be reduced. Meanwhile, the critical pore size was reduced from 74 nm for OPC mix to 14 
47.8 nm for the mixture with 0.9% of nano-silica (as shown in Fig. 4(b)), this was attributed 15 
to the pozzolanic reaction which occurred due to the addition of nano-silica. Critical pore 16 
diameter presents a mean size of pore entryways that allows maximum percolation 17 
throughout the pore system [26]. A smaller critical pore size may produce a lower 18 
permeability for the pore system [27]. The average and median pore sizes were determined as 19 
18.0 and 56.3 nm, 17.0 and 44.7 nm for OPC and the one with 0.9% nano-silica, respectively. 20 
Mercury intrusion porosimetry results reflected the pore refinement of nano-silica to 21 
concrete. This finding was consistent with those by Quercia et al. [11] and matched the 22 
Portlandite reduction observed in the mixture with 0.9% of nano-silica. 23 
 24 
 25 
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3.3 Microstructure morphology 1 
The microstructures of cement paste at the ITZ were captured by SEM, as seen in Fig. 2 
5. The porous paste structures at ITZ in OPC concrete are shown in Fig. 5(a), where 3 
crystalline CH, needle-shaped ettringite (AFt), amorphous calcium-silicate-hydrates (C-S-H) 4 
can be clearly recognized. Among the solids, pores of varying sizes are also noticeable. In 5 
contrast, the pozzolanic reaction densified the microstructures by turning CH into secondary 6 
C-S-H, and produced a more homogeneous microstructure, as shown in Fig. 5(b). No large 7 
pores were easily found. Therefore, it is expected that the mechanical and durable properties 8 
of concrete could be improved due to this densified ITZ, which is normally the weakest phase 9 
in concrete composites (compared to aggregates and bulk paste).  10 
 11 
3.4 Compressive strength  12 
The compressive strengths of concrete (with average and range of the results) with 13 
varying amounts of nano-silica at various ages are shown in Fig. 6. It is clear that the 14 
concrete strength increased with the increase of nano-silica content, regardless of the testing 15 
age. At 28 days, an increase of 9% and 12% in the strength was observed for 0.3% and 0.9% 16 
of nano-silica addition respectively. The mechanisms were mainly due to both the nano-filler 17 
effect and the pozzolanic reaction. The ultra-fine size of nano-silica particles can partially fill 18 
the large voids and capillary pores to refine the pore structure of cement paste, as discussed 19 
above. On the other hand, the pozzolanic reaction of nano-silica can consume Portlandite, not 20 
only reducing the crystal size but also causing the hydration products to become more 21 
homogenous calcium-silicate-hydrates (C-S-H). The above mentioned reasons are more 22 
pronounced at the ITZ. The better bond between aggregates and cement paste can contribute 23 
to the increased mechanical performances. This improvement on the compressive strength of 24 
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concrete in this study is consistent with previous studies [11]. The influence of nano-silica on 1 
concrete strength was still present at 91 days.  2 
 3 
3.5 Water penetration depth 4 
Water penetration depths into concrete with different nano-silica contents at both 28 5 
and 91 days are shown in Fig. 7. Error bars represent the range of the obtained results. At 28 6 
days, compared to the OPC concrete, concrete containing nano-silica exhibited a much 7 
reduced water penetration depth, of only 56% for 0.3% nano-silica addition. However, a 8 
slightly higher water penetration depth was noticed in the concrete with 0.9% nano-silica. A 9 
possible reason for this slight compromise is the agglomeration of nano-silica particles. 10 
Although the nano-silica particles were sonicated to disperse with each other before mixing, 11 
they may have attracted each other and possibly agglomerated during the cement hydration 12 
period. Some research works [1,11,18-19] previously reported that nano-silica could 13 
agglomerate into clusters with a much higher grain size. Nano-particle on the agglomerate 14 
surface could react with Portlandite while those particles inside the agglomerate remained 15 
unreacted. Also, weak interface may exist between those agglomerates and the bulk paste.  16 
Nevertheless, the resistance to water penetration for concrete can be greatly increased 17 
by incorporating a small amount of nano-silica. When compared to the work done by Ji [3], 18 
this study obtained the same reduction of 45% in the water permeability using only 0.3% 19 
nano-silica. The nano-silica dispersion technique is considered the prime reason for this. In 20 
that study, no ultra-sonication was employed to maximally disperse the nano-silica particles. 21 
A higher reduction of 88% in water penetration depth has been recently reported [11], in 22 
which nano-silica was added to SCC at a dosage of 3.8%, much higher than the dosage used 23 
in this study. This comparison may imply that there is still potential to further decrease the 24 
water penetration depth by using more nano-silica than 0.9%. At 91 days, the decreasing 25 
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trend on water permeability remained noticeable, particularly for concrete with 0.9% of nano-1 
silica. The results indicate that nano-silica can continuously modify the microstructure of 2 
concrete through filling effect and pozzolanic reaction, and thus greatly improve the 3 
durability performance. 4 
 5 
3.6 Water sorptivity 6 
The initial and secondary rates of the water absorption at different ages are both 7 
shown in Fig. 8. Range error bars encompass the highest and lowest values for the measured 8 
results. At 28 days, the initial sorptivity showed marginal change with the addition of nano-9 
silica. Meanwhile, the secondary sorptivity decreased with higher nano-silica content. At 91 10 
days, a continuous decrease in both initial and secondary sorptivity was shown due to the 11 
addition of nano-silica. As revealed by MIP results, nano-silica partially filled the large pores 12 
and at the same time the formed C-S-H subdivided large pores into small pores. Thus, the 13 
refined pore structure and the reduced connectivity of capillary pores resulted in a lower rate 14 
of water absorption into the concrete. Regarding the ITZ, the microstructures were more 15 
homogenous and its thickness was reduced. As a result, the transport channel for water was 16 
partially blocked or refined. The observed reduced sorptivity corresponds with a previous 17 
finding by Najigivi et al. [28].  18 
However, the total water absorption and the water accessible porosity both remained 19 
at constant values, even with the addition of nano-silica (as seen in Fig. 9). Quercia et al. [11] 20 
also found that the water permeable porosity of SCC did not change with addition of 3.8% 21 
nano-silica while the durability performances could be enhanced. Therefore, it is assumed 22 
that the reduced pore size and connectivity contribute to the continuously reduced transport 23 
of water, including water permeability and sorptivity. Yu et al. [29] recently studied the use 24 
of nano-silica on ultra-high performance concrete (UHPC) and reported that the fresh air 25 
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content was continuously increased with the addition of nano-silica, caused by the higher 1 
viscosity of nano-silica incorporated paste. In this study, the fresh air content in the nano-2 
silica concrete might also be higher than the plain cement concrete because the surface area 3 
of solids increased with the use of nano-silica, although such test results are not available. 4 
The higher air content might be a reason for the unchanged porosity for concrete containing 5 
nano-silica, since the filler effect and pozzolanic reaction of nano-silica was compromised by 6 
the higher void content.  7 
 8 
3.7 Chloride migration coefficient 9 
In the RCM, a constant voltage of 20 V was applied to the concrete specimens for 24 10 
hours to drive the chloride ions to migrate from one side to the other. After testing, specimens 11 
were freshly split and the chloride ion penetration depth measured, xd, by spraying 0.1M 12 
silver nitrate solution. The non-steady-state migration coefficient (Dnssm) was obtained using 13 
the following formula [23]. 14 
( )
( )
( )0.0239 273 273
0.0238
2 2
d
dnssm
T L T Lx
D x
U t U
+ +
= −
− −
⎡ ⎤
⎢ ⎥
⎢ ⎥⎣ ⎦
                       (1) 15 
where U is the applied voltage; L is the thickness of the specimen of 50 mm; T is the average 16 
temperature of about 30 ˚C; t is the test duration of 24 hours. The effect of added nano-silica 17 
on the chloride migration coefficient is shown in Fig. 10. The range of each result is also 18 
reflected by the error bars. The influence of nano-silica on the Dnssm was similar to water 19 
penetration depth. At 28 days, Dnssm was reduced up to 28.7% and 29.0% for 0.3% and 0.9% 20 
nano-silica addition, respectively. Refined pore structure of nano-silica concrete, especially at 21 
the ITZ, can reduce the permeability to chloride migration since the transport channels 22 
become partially blocked and disconnected. However, the higher nano-silica content at 0.9% 23 
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did not produce a proportionally higher resistance to chloride migration. The nano-silica 1 
particle agglomerations were responsible for this compromised benefit on chloride resistance. 2 
The results of the migration coefficient at 91 days were lower than those at 28 days, while the 3 
influence of nano-silica on the chloride migration coefficient remained the same. Quercia et 4 
al. [11] also found a decreasing trend on the Dnssm by the addition of 3.8% nano-silica, in both 5 
powder and colloidal forms. For the powder nano-silica, a reduction of 56% and 51% was 6 
reported on Dnssm at concrete age of 28 and 91 days, respectively. This comparison suggests 7 
that higher resistance to chloride ion could be achieved by using higher amount of nano-8 
silica, provided that the nano-particles are well dispersed.  9 
 10 
3.8 Chloride diffusivity 11 
The chloride content at each depth of concrete sample was determined in accordance 12 
with BS 1881-124 [30]. The chloride content distribution along the depth is described using 13 
Crank’s solution to Fick’s second law as follows [26]. 14 
0( , ) 1 2 a
x
C x t C erf
D t
= −
⎡ ⎤⎛ ⎞
⎜ ⎟⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
                                          (2) 15 
where C(x,t) is the chloride content at depth x and immersion time t; C0 is the chloride 16 
content at the surface; erf() is the error function, and Da is the apparent diffusion coefficient. 17 
The best-fitted parameters and corresponding curves for each concrete mix are summarized in 18 
Table 3 and plotted in Fig. 11. At each depth, the chloride content of the OPC concrete was 19 
higher than those of nano-silica concrete mixes. Consistent with the RCM results, the 20 
diffusion coefficient obviously reduced with the 0.3% addition of nano-silica. This was the 21 
result of the refined pore structures due to the pozzolanic reaction and nanofiller effect of 22 
nano-silica, as discussed earlier. Moreover, the diffusion coefficient did not drop further by 23 
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increasing nano-silica content at 0.9%, due to the agglomeration of nano-particles. However, 1 
an even higher reduction on the diffusion coefficient was achieved by adding 3.8% nano-2 
silica to SCC [11]. At that dosage, more pozzolanic reaction could occur for amorphous 3 
silica, resulting in more compact microstructures.   4 
From the RCM and chloride diffusivity tests, it is found that concrete could have 5 
higher resistance to chloride regardless of ion driving mechanism with the use of 0.3% nano-6 
silica. Due to the existence of nano-silica agglomerates, the chloride resisting capability was 7 
not further increased at a 0.9% dosage, different from the continuous reduction of water 8 
transport in concrete. Therefore, the agglomerates seem to have larger influence on chloride 9 
ion transport in concrete.  10 
 11 
4. Conclusion 12 
This study experimentally measured the transport properties-related durability of OPC 13 
concrete with the addition of nano-silica at 0.3% and 0.9%, respectively. The following 14 
conclusions were reached: 15 
1) In comparison with the reference concrete, the study showed that nano-silica 16 
exhibited obvious pozzolanic reaction with the Portlandite, even at a very early stage. 17 
This was verified by the reduced Portlandite content and the increased compressive 18 
strength at 1 day.  19 
2) The pozzolanic reaction, as well as the nano-filler effect of nano-silica, densified the 20 
paste microstructures, particularly at the ITZ. SEM observations found the paste 21 
morphology at ITZ was more homogeneous for concrete containing nano-silica. In 22 
addition, MIP results revealed that the pore size distribution became refined which 23 
reduced the ingress rate of water and chloride ions.   24 
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3) The modification mentioned above would increase the compressive strength and 1 
resistance against water and chloride ions for concrete added with nano-silica, even at 2 
a small amount of 0.3%. At this dosage, the uniform-dispersion of silica nano-3 
particles can be readily achieved. Hence, a reduction of 45%, 28.7% and 31% was 4 
observed for water penetration depth, chloride migration coefficient and diffusion 5 
coefficient into concrete, respectively. The initial water sorptivity, water absorption 6 
and water accessible porosity was marginally changed by the nano-silica.  7 
In comparison with previous works in which much higher nano-silica dosage was used, the 8 
durability enhancement efficiency could be further improved. Certainly, the critical step is to 9 
achieve well dispersion of silica nano-particles within the cement matrix. This is also the 10 
ongoing research work by the authors. 11 
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Table 1 Chemical compositions of OPC 1 
 2 
Composition, % OPC 
SiO2 20.8 
Al2O3 4.6 
Fe2O3 2.8 
CaO 65.4 
MgO 1.3 
SO3 2.2 
Na2O 0.31 
K2O 0.44 
TiO2 — 
Cr2O3 — 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
Table 2 Mix proportions and slump for concrete with nano-silica 10 
 11 
Mix No. Content, kg/m
3 Slump, 
mm Water Cement nano-silica Coarse aggregate Sand SP 
OPC 185 380 0 825 960 2.6 40 
0.3nano-silica 185 380 1.14 825 948 5.6 40 
0.9nano-silica 185 380 3.42 825 936 6.7 35 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
Table 3 Best-fitted parameters for the chloride ion diffusion 19 
 20 
Mix No. Da, ×10-12 m2/s  C0 R2 
OPC 20.25 1.379 0.996 
0.3nano-silica 13.95 1.503 0.991 
0.9nano-silica 13.54 1.233 0.997 
 21 
  22 
23 
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Fig. 1. Particle size distribution of coarse aggregates, sand and cement. 2 
3 
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 1 
(a) Agglomeration of nano-particles as received 2 
 3 
(b) High magnification of silica particles 4 
Fig. 2. SEM image of nano-silica. 5 
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Fig. 3. (a) TGA results at different ages, and (b) Portlandite content of cement paste with 4 
nano-silica. 5 
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Fig. 4. Pore size distribution of concrete with nano-silica (a) Cumulative pore volume curves 4 
and (b) differential distribution curves. 5 
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 1 
(a) OPC concrete 2 
 3 
(b) Concrete with 0.9% nano-silica 4 
Fig. 5. Microstructure morphologies at the interfacial transition zone. 5 
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Fig. 6. Compressive strength of concrete with nano-silica. 2 
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Fig. 7. Water permeability of concrete with nano-silica. 2 
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Fig. 8. Water sorptivity of concrete with nano-silica. 2 
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Fig. 9. Water absorption and water accessible porosity of concrete with nano-silica. 2 
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Fig. 10. Chloride migration coefficient of concrete with nano-silica. 2 
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Fig. 11. Chloride contents and best-fit curves of concrete. 2 
